The addition of bis(pinacolato)diboron [(Me 4 C 2 O 2 )B-B(O 2 C 2 Me 4 )] to α,β-unsaturated carbonyl compounds giving β-boryl carbonyl compounds and the addition to terminal alkynes yielding either 2-boryl-1-alkenes or 1-boryl-1-alkenes were carried out in DMF at room temperature in the presence of CuCl and AcOK. The transmetalation between diboron and [Cu(Cl)OAc]K generating a borylcopper species was proposed as the key step in the reactions because CuOAc similarly mediated both addition reactions to enones and alkynes in the presence of KCl.
Introduction
Tetra(alkoxo)diborons such as bis(catecholato)diboron and bis(pinacolato)diboron are versatile reagents for borylation of unsaturated organic compounds and organic halides [1] [2] [3] [4] . Diborons can be oxidatively added to a low-valent transition metal with B-B bond cleavage, thus allowing the catalyzed addition of diborons to unsaturated C-C the other hand, the reduction of phosphine-monoiodoboranes with lithium 4,4'-di-tert-butylbiphenylide (LDBB) yields tricoordinate boron anions which are stable at -78 °C [26] (Eq. 3).
<<Eqs. 2 and 3>>
An analogous conjugate addition of 1 or bis(catecholato)diboron to enones catalyzed by CuOTf or CuCl/Bu 3 P was recently reported by Hosomi and coworkers [27] .
Although mechanistic works are still in progress, their reactive intermediate carrying out the reaction for α,β-unsaturated ketones under neutral conditions may involve a different mechanism to that of generating borylcopper species. It has also been reported that Pt(C 2 H 4 )(PPh 3 ) 2 and Pt(dba) 2 catalyze the addition of diborons to α,β-unsaturated carbonyl compounds [13, 14] .
Results and discussion
2.1. Conjugate addition to α,β-unsaturated carbonyl compounds <<Eq. 4>>
The conjugate addition of 1 to the representative Michael acceptors (Eq. 4) is summarized in Table 1 . The addition of 1 to 2-cyclohexenone failed in the absence of either a copper(I) halide or a base (entry 1), but the yields were improved significantly by the addition of both CuCl and AcOK (entry 2). The effect of a base showed the following order of yields, suggesting the superiority of small, more basic potassium carboxylates. The following order of yields was obtained under the conditions of entry 2; CF 3 COOK (trace) < PhCOOK (15%) < Me 2 CHCOOK (55%) < PhOK (54%) < CH 3 COOK (67%). Various copper(I) halides or pseudohalides similarly accelerated the reaction in the presence of KOAc; for example, CuI (52%), CuBr (50%), and CuCl (67%), and CuCN (44%). The reaction was fast in polar solvents such as DMF (67%) and DMSO (55%), but it was very slow in THF (3%) and toluene (17%). The reaction smoothly proceeded catalytically (10 mol%) both for CuCl and KOAc, as was demonstrated with the addition to methyl vinyl ketone and (E)-1-phenyl-2-buten-1-one (entries 4 and 5). Under analogous reaction conditions used for enones, α,β-unsaturated esters afforded the corresponding products in moderate yields (Entries 6-10). Like other related reactions mediated by copper(I) halides, the addition of LiCl (1 equivalent), as the ligand of the copper(I) species, improved the yields by 5-10% [28].
Addition to terminal alkynes

<<Eq. 5>>
The results of the addition of 1 to terminal alkynes (Eq. 5) are shown in Tables 2   and 3 . The addition to 1-decyne 4a afforded a mixture of internal 7a and terminal addition product 8a in a ratio of 91/9 in the presence of LiCl ( Table 2 , entry 2). The addition of a donating phosphine ligand such as PBu 3 and P(i-Pr) 3 effected to improve the terminal selectivity, yielding 8a (entries 6 and 7), whereas all attempts at selective synthesis of 8a were unsuccessful (entries 3-8). On the other hand, the regioselectivity was not affected by the bulkiness of potassium carboxylates (entries 9-11). The vinylcopper species is reported to be labile at room temperature and undergoes decomposition, leading to a homocoupling diene with retention of configuration at the olefinic double bond [29] ; however, the formation of such dimers of 5a/6a was not observed.
In contrast to the results of 1-decyne, the additions to 3-(t-butyl)dimethylsilyloxy (TBSO)-1-propyne 4b, t-butylethyne 4c, and phenylethyne 4d resulted in poor regioselectivities when a combination of CuCl/KOAc/LiCl was used (entries 1, 5, and 10 in Table 3 ). However, the effects of phosphine ligands were significant in these three alkynes. P(t-Bu) 3 exhibited a high internal selectivity (91%) for 4b (entry 4), which was comparable to that of 4a in the presence of CuCl/KOAc/LiCl (entry 2 in Table 2 ). P(i-Pr) 3 and PBu 3 revealed a high terminal selectivity for 4c and 4d (entries 8 and 12).
Although there were no clear correlations between phosphine ligands and regioselectivities, the internal selectivities observed in 4a and 4b may have a synthetic value because 2-borylalkenes are not available by conventional hydroboration of terminal alkynes [18, 30] . The reaction can be applied to the borylation of other terminal alkynes, but no addition reaction was observed for heteroatom-substituted alkynes and internal alkynes such as ethoxyethyne, methylthioethyne, and 4-octyne.
The additions of alkyl- [31] , silyl- [32] , and stannylcuprates [33] to terminal alkynes alter the regioselectivity depending on the order of coordination and the elements on the copper metal center. Both lower-order and higher-order stannyl or alkyl cuprates such as Me 3 SnCu•SMe 2 , Me 3 Sn(n-Bu)Cu(CN)Li 2 , n-BuCu•MgBr 2 , and (n-Bu) 2 CuLi selectively afford the internal products, whereas (PhMe 2 Si) 2 Cu(CN)Li 2 yields the terminal addition products for aliphatic terminal alkynes. The origin of regioselectivity is not well understood, but the copper atom, in general, adds to the least-hindered and more-electron-rich carbon [28] . The present results suggest the generation of an analogous copper species, that exhibits internal selectivity for less-hindered terminal alkynes (4a and 4b) and terminal selectivity for hindered alkynes (4c and 4d).
Alkylation of the vinylcopper intermediates (5/6) would provide further functionalized vinylboron compounds. However, alkylation of 5a/6a with benzyl bromide, trimethylsilyl chloride, or allyl chloride failed to yield coupling products.
Treatment of the reaction mixture with D 2 O indeed resulted in no deuterium incorporation in 7a, indicating that the vinylcopper species was not present in the solution. Thus, the protonolysis of 5/6 occurs in competition with the addition reaction to alkynes.
<<Eq. 6>>
The addition to 1-d-1-decyne gave a complex mixture of an unlabeled isomer 7a (23%) and two mono-deuterium isomers 9 and 10 (65% and 12%) (Eq. 6). The addition of 2 to the triple bond may proceed through a cis-insertion, similar to related addition reactions such as carbo-, silyl-, and stannylcupration of alkynes [30] [31] [32] . The reaction indeed gave a cis-insertion product (9) predominantly. However, the mechanism of the C-Cu bond protonolysis and the source of protons are not obvious from these results.
The protons are not derived from the acetylenic hydrogen or the solvent because no di-deuterium isomer was observed in the reaction mixture of Eq. 6 and an analogous reaction of 1-decyne in DMF-d 7 resulted in no deuterium incorporation.
Reaction mechanism
The reaction of CuCl with KOAc in DMF generates [Cu(Cl)OAc]K (11), which was suggested by an analogous reaction mediated by CuOAc in the presence of KCl (Table 4 and Eq. 7).
<<Eq. 7>>
The additions of 1 to 2-cyclohexenone and 1-decyne with CuOAc failed (entries 1 and 4), but the same reaction in the presence of 1 equivalent of KCl afforded comparable results to that of a CuCl/KOAc combination (entries 2, 3, and 5). Thus, addition of KOAc to CuCl generates 11 as an active species for transmetalation with diboron. 
<<Eq. 8>>
A possible mechanism that might account for the additions to both enones and alkynes, the coupling with allyl chloride, and the B-B bond cleavage by [Cu(Cl)OAc]K 11 is one proceeding through a free borylcopper species (2) which could be generated by the equilibrium dissociation from a boron ate-complex (13) (Eq. 9). Such complexation prior to transmetalation might be a crucial steps in essentially all ionic reactions of organoboron compounds because of their highly electrophilic but weakly nucleophilic natures [34] . As a result of complex formation, the transfer of an activated boryl group to the copper center will then follow [35] . Results of the study on the B-B bond cleavages by NMR and the recovery of 1 at hourly intervals suggested that the transmetalation to yield 2 is slow, taking about eight hours at room temperature.
<<Eq. 9>>
In summary, the generation of nucleophilic borylcopper species from diboron 1 provides a new access to β-boryl carbonyl compounds and alkenylboronates. Because of the simple experimental procedure using CuCl and KOAc in DMF, we anticipate further applications of the reagent 2 for the synthesis of boron compounds.
Experimental
Materials and reagents
Bis(pinacolato)diboron [36] , 3-[(tert-butyldimethylsilyl)oxy]-1-propyne [37] , and 1-deuterio-1-decyne [38] were synthesized by the reported procedures. Potassium pivalate was prepared by the reaction of pivalic acid with a molar amount of aqueous KOH in methanol. Other materials and reagents are commercial products.
General
Procedure for conjugate addition of diboron to α,β-unsaturated carbonyl compounds (Table 1) A 25 ml flask equipped with a magnetic stirring bar, a septum inlet, a reflux condenser, and a nitrogen bubbler was charged with CuCl (1.1 mmol) and LiCl (if used, 1.1 mmol). The flask was flushed with nitrogen and then DMF (6 ml) was added. After being stirred at room temperature for 1 h, diboron 1 (1.1 mmol), KOAc (1.1 mmol), and an α,β-unsaturated carbonyl compound (1.0 mmol) were added successively. The mixture was stirred at room temperature or at 50 ℃ for 16 h and then treated with water at room temperature. The product was extracted with benzene, washed with water to remove DMF, and dried over MgSO 4 . Analytically pure product was isolated by column chromatography over silica gel.
A catalyzed reaction was carried out by using of CuCl (0.1 mmol) and KOAc (0.1 mmol).
The following compounds were prepared by the above general procedure. 
General Procedure for addition of diboron to terminal alkynes (Tables 2 and 3)
CuCl (1.1 mmol) was added to a 25 ml flask equipped with a magnetic stirring bar, a septum inlet, a reflux condenser, and a nitrogen bubbler. The flask was flushed with nitrogen and then charged with DMF (6 ml) and a ligand (if used, 1.1 mmol). After being stirred for at room temperature 1 h, diboron 1 (1.1 mmol), a base (1.1 mmol) , and an alkyne (1.0 mmol) were added successively. The mixture was stirred at room temperature or at 50 °C for 16 h and then treated with water at room temperature. The product was extracted with benzene, washed with water, and dried over MgSO 4 .
Column chromatography over silica gel gave analytically pure product. GC yields determined by using an appropriate internal standard are shown in Tables 2 and 3.
The following compounds were prepared by the above general procedure. 3. (E)-3,3-Dimethyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl 
2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1-decene
Addition of diboron to 1-deuterio-1-decyne (Eq. (6))
An addition of diboron 1 (1. 
Coupling of diboron with allyl chloride (Eq. (8))
In a 25 ml flask equipped with a magnetic stirring bar, a septum inlet, a reflux condenser, and a nitrogen bubbler were placed CuCl (1.1 mmol) and LiCl (1.1 mmol).
The flask was flushed with nitrogen and then charged with DMF (6 ml 
